FTO/TiO 2 electrodes have been functionalized with {Zn(tpy anchor )(tpy ancillary )} 2+ dyes (tpy = 2,2':6',2''-terpyridine) using a stepwise method to sequentially introduce (i) the anchoring ligand tpy anchor (either a dicarboxylic acid or a diphosphonic acid), (ii) Zn DSSC measurements show that the {Zn(tpy anchor )(tpy ancillary )} 2+ dyes give poor photon-tocurrent efficiencies, values of the short circuit current density (J SC ) and the external quantum efficiency (EQE) spectra are consistent with very poor electron injection.
Introduction
Organic compounds [1] and d-block metal complexes [2] are both used as coloured compounds in dye-sensitized solar cells (DSSCs). Among metal-containing dyes, ruthenium(II) complexes are the most widely explored [3] , but there is increasing interest in sensitizers based on Earth abundant metals [4] . Bis(diimine)copper(I) dyes were first evaluated in DSSCs by Sauvage and coworkers [5] and, generations of dyes later, a record photoconversion efficiency of 4.66% has been reported with a heteroleptic copper(I) complex assembled using the HETPHEN approach [6] . Heteroleptic
[Cu(L)(L')]
+ species usually equilibrate in solution to give a mixture of homo-and heteroleptic complexes. The HETPHEN strategy [7] minimizes ligand dissociation by using bulky substituents [6, 8] . In contrast, we have developed a 'surfaces-as-ligands' [9] methodology in which the TiO 2 surface is first functionalized with an anchoring ligand, transfer (MLCT) bands. Our initial trials of {Zn(tpy anchor )(tpy ancillary )} 2+ dyes used 1 or 2 (Scheme 2) as the ancillary ligand. Ligands 1 and 2 are chromophoric by virtue of an intra-ligand charge transfer (ILCT) band with the tertiary amine acting as an electron donor [15] , and photoconversion efficiencies of up to 0.71% (relative to 7.29% for N719)
were achieved for unmasked DSSCs containing TiO 2 -supported [Zn(1)(3)] 2+ dyes. We have now extended these studies using masked DSSCs (which prevents overestimation of cell performance [16] ) and have introduced alkyl chains onto the periphery of the holetransporting domains in an attempt to reduce charge recombination events detrimental to DSSC performance [17, 18, 19, 20, 21] .
<Scheme 1 here> <Scheme 2 here>
Experimental

General
1 H and 13 C NMR spectra were recorded on a Bruker Avance III-500 or 400 MHz NMR 
4,4'-Di-n-octoxydiphenylamine
The method was as for 4,4'-di-isobutoxydiphenylamine starting with 4-(octyloxy)aniline 
DSSC fabrication
DSSCs were prepared based on the procedure of Grätzel and coworkers [28, 29] .
Solaronix Test Cell Titania Electrodes with a scattering layer were used for the Electrodes for solid state absorption measurements were prepared in the same way as the photoanodes (above) using Solaronix transparent Test Cell Titania Electrodes without a scattering layer.
DSSC and external quantum efficiency (EQE) measurements
The DSSC measurements were carried out using fully masked cells; the mask comprised a black-coloured copper sheet with one aperture of average area 0.06012 cm 2 (standard deviation of 1%) placed over the active area of the cell. The area of the aperture in the mask was smaller than the surface area of TiO 2 (0.36 cm 2 ). Black tape was applied to complete the masking of the cell. Measurements were made by irradiating the DSSC from behind using a SolarSim 150 instrument (100 mW cm -2 = 1 sun), and the simulated light power was calibrated by using a silicon reference cell.
The external quantum efficiency (EQE) measurements were performed on a SpeQuest quantum efficiency setup from Rera Systems (Netherlands) equipped with a 100 W halogen lamp (QTH) and a lambda 300 grating monochromator from Lot Oriel. The monochromatic light was modulated to 3Hz using a chopper wheel from ThorLabs. The cell response was amplified with a large dynamic range IV converter from CVI Melles
Griot and then measured with a SR830 DSP Lock-In amplifier from Stanford Research.
Results and discussion
Ligand syntheses and characterizations
The synthetic routes to compounds 5-7 is summarized in Scheme 3. The secondary amine precursors were prepared by a CuI/L-proline catalysed [23] 
Solid state absorption spectra of TiO 2 -adsorbed zinc(II)-containing dyes
Electrodes for solid state absorption measurements were prepared by stepwise dipping of commercial FTO/TiO 2 electrodes without a scattering layer into solutions of (i) anchoring ligands 3 or 4, (ii) zinc(II) chloride, and (iii) ancillary ligands 5, 6 or 7. Details of solvents and soaking times are given in the experimental section. After the electrodes had been washed and dried, transmission absorption spectra were recorded. The spectra were corrected with respect to a spectrum of a blank electrode. Absorption maxima are given in Table 1 ; a small blue-shift of the ILCT band is observed on changing the anchoring domain from carboxylic acid to phosphonic acid. Figure 2 compares the spectra of one pair of dyes with a common ancillary ligand (6) but different anchoring ligands (carboxylic acid 3 versus phosphonic acid 4), and also compares the series of dyes with a common anchoring ligand (4 
EQE spectra
DSSCs were assembled by the stepwise process described above, using commercial electrodes with a scattering layer (see Experimental section). In addition to ancillary ligands 5-7, DSSCs were also fabricated using ancillary ligand 2 which contains methoxy substituents (Scheme 1 the EQE spectrum of the N719 reference cell (Figure 3b ) is characterized by EQE max of 67.5% at λ max = 540 extending to a high energy shoulder (λ max = 410 nm) with EQE max = 54.3%. <Figure 3 here>
DSSC performances
Performance characteristics of DSSCs containing the {Zn(tpy) 2 } 2+ dyes measured on the day of assembling the cells are shown in Tables 2 and 3 . Duplicate cells were prepared for each dye and the data are compared to those measured for an N719 cell; the DSSCs correspond to those used for the EQE spectra discussed above. Data in Tables 2 and 3 refer to dyes containing the phosphonic and carboxylic acid anchors 4 and 3, respectively.
It is important to note the reproducibility of data for pairs of duplicate cells which lends credence to the data, despite the poor efficiencies. Control measurements were made [12] , but a fall to <0.05% occurs upon masking (Tables 2 and 3 ).
This is consistent with previous comparisons of masked and unmasked DSSCs containing copper(I)-based dyes [30] .
A comparison of Tables 2 and 3 suggests that the phosphonic acid anchoring ligand 4 is favoured over the dicarboxylic acid anchor 3, an observation that has been noted by Grätzel [31] and is also true for copper(I) dyes [10, 30, 32] . However, for both anchoring domains, values of J SC show that electron injection is extremely poor. This is consistent with the EQE spectra, and is the dominant factor leading to the meagre global efficiencies of {Zn(tpy anchor )(tpy ancillary )} 2+ dyes. Replacing methoxy substituents by butoxy groups on the periphery of the ancillary ligand results in an enhancement in both J SC and V OC , and a consequent gain in the efficiency. For both 3 and 4, the trend in DDSC performances follows the order of ancillary substituents n-butyl > isobutyl > octyl > methyl. This is consistent with the solid state absorption maxima of dye-functionalized electrodes for which the intensities are [Zn(tpy anchor ) (5) Table 2 . DSSC performance data for duplicate masked cells using the zinc(II) dyes with phosphonic acid anchoring ligand (4) compared to a DSSC containing N719 measured under the same conditions. Measurements were made on the day of fabricating the cells. 
